The influence of two-dimensional nano-structures on magnetic properties has been investigated in perpendicular antiferromagnetic coupled (AFC) Co 80 Pt 20 stacked films. The AFC-samples consisted of [Co-Pt (10 nm)/Ru (0.46 nm)/Co-Pt (5 nm)] stacked layers, and the magnetization of the 5-nm-thick bottom Co-Pt layers was firstly reversed by AF-coupling. Hexagonal arrays of dots and holes were formed on both (top and bottom) Co-Pt layers and only on the top Co-Pt layer. The interlayer exchange coupling between the top and bottom Co-Pt layers across very thin Ru interlayer of 0.46 nm in thickness was kept even after the nanofabrication of about 100 nm in diameter. The coercivity of dot arrays markedly increased with a decrease in dot diameter, while the magnetic properties of hole arrays were less influenced by the nanoscale patterning. The magnetization rotation of AFC-samples with the patterned top layer changed from multiple to continuous reversal processes with decreasing in patterning size. For the top layer patterned sample, the minor loop shift of the 100-nm-dot arrays decreased from 240 to 140 kA/m, while the 100-nm-hole arrays showed almost the same strength of interlayer exchange coupling compared with that of continuous film prior to patterning.
Introduction
Magnetic multilayer structures with antiferromagnetic coupling are already used in commercial magnetic devices, such as hard disk heads and magnetic sensors, and are expected to find further use in magnetic recording media and high-capacity magnetic random access memory. 1, 2) The implementation of multiple states of magnetization arrays in magnetic laminates improves multilevel information storage capacity and magnetic device stability, leading to the miniaturization of various devices. Therefore, the fabrication of nanoscale antiferromagnetic conjugates has recently attracted considerable attention because of the interesting basic physical properties and the potential engineering applications in magnetic devices. 36) Perpendicularly magnetized films are particularly effective in fabricating highly dense magnetic recordings or the miniaturization of magnetic devices. Various interesting phenomena have been reported in perpendicularly magnetized laminates coupled with antiferromagnetic conjugates via a nonmagnetic interlayer; for example, the fine magnetic domain structure characteristic of antiferromagnetic conjugation, 7) the control of the interlayer exchange coupling by controlling the film structure 8) and the increase in the magnetic Kerr rotation angle because of the magneto-optical cavity effect. 9) Specifically, the magneto-optical effect is expected to improve the performance of devices such as magneto-optical recorders, 10) magneto-optical spatial light modulation elements 11) and plasmon sensors. 12) Reports on photonic crystals or magnetic metal nanostructures presently suggest, for example, that the magneto-optical Faraday effect is enhanced owing to multiple reflections in one-dimensional laminated structures consisting of magnetic oxides 13) and the magnetooptical effect is also enhanced owing to plasmon resonance in magnetic thin films of metal nanostructures. 14) In contrast, a two-dimensional periodic structure in an antiferromagnetic coupling laminate with multiple states of magnetization arrays may produce a three-dimensional magneto-photonic crystal and thus further enhance the magneto-optical effect. 9) This study investigates how a two-dimensional nanostructure produced by minute processing, which was added to a perpendicularly magnetized Co 80 Pt 20 laminate structure coupled with an antiferromagnetic conjugate, influence the magnetic properties. The results are discussed below.
Experimental Methods
The specimen was produced on a thermally oxidized Si substrate at room temperature by using the multidimensional magnetron sputtering method. The vacuum did not exceed 7 © 10 ¹6 Pa and the Ar gas pressure was 0.2 Pa. As shown in Fig. 1(a) , the film structure of the antiferromagnetic coupling laminate was [Co-Pt (10 nm)/Ru (x nm)/Co-Pt (5 nm)/Ru (100 nm)]. To produce a CoPt alloy film, a composite target that placed the Pt tip on the Co target was used. The number of Pt tip sheets was controlled so that the composition of the CoPt film was 80 : 20 at% based on X-ray photoelectron spectroscopy. The intensity of the exchange coupling acting between the upper and lower CoPt ferromagnetic layers was controlled by varying the thickness x of the Ru intermediate layer between 0 and 1.5 nm. The Ru protective layer (2 nm) on the film surface prevents the degradation of magnetic properties owing to surface oxidization during minute processing. In addition, ZnO (10 nm) was used as a seed layer to improve the hcp-(001) crystal orientation of the Ru (100 nm) ground layer. By applying a magnetic field perpendicular to the film surface, the magnetic properties of the minute continuous film before minute processing was measured with an oscillation-type magnetometer and a spectrum-type Kerr effect measuring apparatus. The crystal structure of the film was evaluated by X-ray diffraction.
Negative resist, electron beam lithography equipment and Ar ion milling equipment were used in minute processing.
The conditions for electron beam lithography were 50 kV for accelerating voltage, 50 pA for beam current and 0.81.0 µs for the exposure time. After developing the resist, pattern processing was performed by etching using Ar ion milling with an accelerating voltage of 0.3 kV and a beam current of 80 mA. Minute processing was performed in an area of 15 © 15 µm that formed hexagonal lattice-shaped dot and hole arrays, and magnetic layers, except in the processing region, which were removed by etching. The diameter (d) of the dots and holes varied from 100 nm to 15 µm and 100 nm to 1.0 µm, respectively; furthermore, the ratio of the diameter and space (p) correspondingly varied between ðd : pÞ ¼ ð1:0 : 1:5Þ and ð1:0 : 2:0Þ. Figure 1(a) shows the four types of minute processing, including a [CoPt/Ru/CoPt] laminate (Type-I), a magnetic film with a Ru intermediate layer and a single CoPt upper film layer (Type-II), each of which had a dot or hole array structure. Scanning electron microscopy (SEM) was used to observe and evaluate the state of minute processing. Figures 1(b) and 1(c) show SEM observations of the (Type-I) specimen. Dot and hole arrays of 100 nm in diameter were processed on this specimen. The observations show a relatively good two-dimensional periodic structure. The magnetic properties of the as-processed specimen were measured by the pole Kerr effect technique with a maximum magnetic field 875 kA/m perpendicular to the film surface by converging a semiconductor laser of 405 nm wavelength onto an approximately ¤5 µm area using an object lens. reversal of the magnetic field (H n ) of the CoPt (5 nm) lower film layer, which turns over first. Figure 2( Fig. 2(a) . The state of the vibration of H n was observed as a function of the Ru-layer thickness. The antiferromagnetic coupling is presumably caused by the RKKY-like exchange interaction between the ferromagnetic layers via the Ru layer. 15) In general, the intensity (J EX ) of the exchange coupling is given by the following formula, which uses the magnetic field shift (H MLS ) that represents the shift from the zero magnetic field of the magnetization curve (minor loop) of the magnetic layer that turns over first.
16)
M S and t F are the saturation magnetization and thickness of the magnetic film, respectively. Referring to the antiferromagnetic coupling laminates shown in Fig. 2(a) , the magnitude of the exchange coupling of the laminated structure is approximately 1.3 mJ/m 2 because the magnetic field shift of the lower layer of the CoPt (5 nm) film is approximately 240 kA/m.
Magnetic properties and ion milling
The nanoscale thin magnetic film was processed with a high degree of accuracy without degrading the magnetic properties of the laminated structure including the interlayer exchange coupling through the several atoms ultrathin Ru layer. First, the effect of etching of the magnetic thin film by Ar ion milling on the magnetic properties of the laminated structure was examined. Figure 3 shows the change in the magnetic properties of the film measured by a spectrum-type Kerr effect measuring apparatus (wavelength = 405 nm) when the entire surface of the CoPt antiferromagnetic coupling laminate was etched as shown in Fig. 2(a) . The extent of the saturated Kerr rotation angle almost linearly decreases with increasing duration time of etching (t E ) and thus the Kerr rotation angle drops to nearly zero after etching for 106 s. The upper CoPt film thins with etching and the magnetic layer that reverses from the saturated magnetization state owing to the antiferromagnetic coupling moves to the upper layer from the lower layer of the CoPt (5 nm) film. As shown in Fig. 3 , the magnetization curve shift of the upper layer of the CoPt (2 nm) film attributed to the interlayer exchange coupling can be clearly observed even after removing approximately 8 nm from the upper layer of the CoPt film (t E = 60 s). The magnitude of the magnetic field shift is approximately 680 kA/m, and assuming that the saturated magnetization of the upper layer of the CoPt film does not decrease with etching, the exchange coupling strength may be maintained at approximately the same strength level as that before etching. Furthermore, the lower layer of the CoPt film shows a good square-shaped perpendicular magnetization curve even after the upper layer of the CoPt film is carefully removed (t E = 70 s). Thus, the effect of etching the upper film on the perpendicular magnetic properties of the lower film layer is negligible.
The aforementioned results infer that Ar ion milling is an effective processing method that does not significantly affect the magnetic properties of the laminated structure, which includes the interlayer exchange coupling via the ultrathin (0.46 nm) Ru layer.
Magnetic properties and the two-dimensional periodic structure 3.3.1 Minute processing of single-layer CoPt film
The magnetic properties of thin magnetic films are thought to change because of minute processing and the retention force to significantly increase with decreasing dot size. 17) To clarify the effect of minute processing on the magnetic properties of thin CoPt films, dot and hole array processing was carried out on two single-layer CoPt films [Co-Pt (5 nm or 10 nm)/Ru (100 nm)] of different thicknesses comprising the antiferromagnetic coupling laminates in Fig. 2(a) . Similar to the antiferromagnetic coupling laminate, the Ru (2 nm) protective layer is formed on the film surface and ZnO (10 nm) is the seed layer on the thermally oxidized Si substrate. The retention force (H c ) perpendicular to the film depends on the processing size shown in Fig. 4 , and the retention forces of the films greatly increase from tens of kA/m to hundreds of kA/m with decreasing dot size when the dot array is processed. When the dot diameter is not larger than 1 µm, the thick single-layer CoPt (10 nm) film shows high retention force. On the other hand, although the retention force slightly increases because of hole array processing, the increase is small compared to the magnetic field shift (H MLS = 240 kA/m) of the lower layer of the Co Pt film owing to the antiferromagnetic coupling shown in Fig. 2(a) . Therefore, hole array processing appears to have little effect on the antiferromagnetic conjugate. In addition, in hole array processing, the step-shaped magnetization curve changes, suggesting steep magnetic reversal with increasing retention force. As described above, the extra magnetic layer, except in the processing region, is completely removed by etching and similar change is seen in the magnetization curve of the processing region of 15 © 15 µm that does not form holes. Therefore, the specimen region is restricted to 15 © 15 µm by minute processing and defects, such as the thick layer distribution and pin holes in the measuring region, decrease and the film quality apparently improves because of the change in magnetic properties due to hole array processing. 
Minute processing and antiferromagnetic coupling laminate
This study next investigated the effect of two-dimensional periodic structure on the magnetic properties of the CoPt antiferromagnetic coupling laminate shown in Fig. 2(a) . Figure 5 shows the results (Type-I) when dot and hole array processing is performed on the entire magnetic film [Co-Pt (10 nm)/Ru (0.46 nm)/Co-Pt (5 nm)] laminate via the intermediate Ru layer. Figure 5(a) shows that the retention force of the upper layer of the CoPt film depends on the processing size, and the retention force increases with decreasing processing size in the case of dot arrays, as seen in cases involving single-layer film. In addition, as shown in Figs. 5(b) and 5(d), a significant change was seen in the magnetization curve in the case of dot array processing. As described in the dot processing experiment of the single-layer film, with respect to dots not greater than 1.0 µm in diameter, the retention force of the 10-nm-thick CoPt film is greater. Therefore, it seems that the magnetization of the lower layer of the 5 nm CoPt film turns over first in the laminated structure. The steep magnetic reversal of the lower layer of the CoPt film is not seen in dot processing of 1.0 µm in diameter. Furthermore, the distribution of the magnetic reversal field of the upper and lower layers increases in the case of dots 100 nm in diameter.
In contrast, minute processing apparently has little effect on the magnetic properties of hole arrays and the antiferromagnetic coupling via the several atoms ultrathin Ru layer is maintained at the same prior level after minute processing of 100 nm as shown in Fig. 5(e) . Compared to the continuous film in Fig. 2(a) , the magnetic field shift of the lower film layer and the retention force of the upper film layer slightly increase. The increase is attributed to the improved film quality within the measurement region of the narrow specimen region as in the case of the single-layer film.
Regarding the minute processing (Type-II) of the upper layer of the 10 nm CoPt film, the dependence on the processing size is seen in the hole and dot arrays for the magnetic reversal process shown in Fig. 6 . In holes and dots of 1.0 µm diameter, the magnetization curve suggests that the CoPt (5 nm) lower film layer should follow two steps of magnetic reversal. This can be explained by assuming that the CoPt lower film layer on the top of which is the upper film layer is first magnetically reversed by antiferromagnetic coupling and then the rest of the lower film layer on the top of which there is no upper layer film left is magnetically reversed. Furthermore, when looking at the magnetization curve of the lower film layer on the top of which there is no upper film layer left, the shift in the magnetization curve is not seen in the case of dot arrays, whereas a magnetic field shift of approximately 120 kA/m is identified in the hole arrays. These two magnetic reversal steps of the lower film layer disappear with decreases in the processing size of the upper film layer; furthermore, when the diameter of the holes and dots is 100 nm, the entire lower film changes into a single magnetic reversal. In particular, for the specimen processed with hole arrays, the magnetic field shift (H MLS = 250 kA/m) of the lower CoPt film layer is at the same level as in the case of the continuous film before minute processing, although the upper CoPt film layer decreased because of etching. For the specimen processed with dot arrays, the retention force of the upper film layer increased with decreasing dot size; furthermore, for 100-nm holes and dots, the retention force increased to approximately 680 kA/m. The magnetic field shift of the lower CoPt film layer decreased to approximately 140 kA/m, whereas the entire lower film layer including the part of the film on which dots did not form resulted in magnetic reversal with decreasing distance between the dots. As a result, the magnetization curve, which significantly differs from that of the results in Fig. 5(d) and in which dot arrays are processed on the entire film layer, can be identified.
Conclusion
The effect of two-dimensional periodic structure on the magnetic properties of a perpendicularly magnetized CoPt laminate with antiferromagnetic coupling was experimentally studied. To study the effect of minute processing on the antiferromagnetic coupling laminate, dot and hole array processing was performed on [Co-Pt (10 nm)/Ru (0.46 nm)/ Co-Pt (5 nm)] film comprising the entire magnetic layer or only the upper 10 nm CoPt film layer.
In minute processing by electron beam lithography and Ar ion milling, the interlayer exchange coupling via an ultrathin Ru layer of 0.46 nm was maintained after processing about 100 nm. In the case of dot arrays, for minute processing of the entire [Co-Pt/Ru/Co-Pt] film layer comprising the antiferromagnetic conjugate, the retention force increased with decreasing processing size. In contrast, in the case of hole arrays, the retention force did not much depend on the processing size. Thus, the exchange coupling was almost the same as that before minute processing. On the other hand, in the case of minute processing of the upper film layer, the dependence on the processing size of the magnetic reversal process was observed in the dot and hole arrays. When the diameter was 200 nm or more, a multistage magnetization curve with partial magnetic reversal of the lower film was observed regardless of the presence or absence of the upper film layer. In contrast, in the case of the 100 nm diameter, the entire lower film layer went through a magnetic reversal at once. At this point, the magnetic field shift of the lower film layer was at the same level as in the case of the continuous film before minute processing despite the fact that the upper film layer decreased because of etching. 
